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previous	 studies)	 to	 approximately	 8	 minutes.	 	 We	 have	 studied	 the	 electrochemical	
deposition	of	copper	and	silver	as	thin-film	metals	onto	a	gold	electrode	substrate	 from	a	
deep	eutectic	solvent	using	potentiodynamic	(PD),	potentiostatic	(PS)	and	galvanostatic	(GS)	
electrochemical	 control	 functions.	 	 In	 particular,	 we	 have	 utilised	 novel	 developments	 in	
neutron	 reflectivity	methods	 to	 acquire	 real-time	data	 for	 the	 growing	metal	 films.	Event	
mode	capture	of	neutron	scattering	events,	as	a	function	of	momentum	transfer	vector,	Q,	
during	 electrochemical	 growth	 has	 enabled	 time-resolved	 measurement	 of	 the	 neutron	




solvation.	 	Silver	 films	show	an	 increasing	roughness	trend	with	time	but	these	trends	are	
















many	 other	 industries.	 	 Au,	 Ag	 and	 Pt,	 are	 important	 for	 electronics	 fabrication	 and	
manufacturing	 and	Al,	 Li,	 Na,	 Co	 and	Mn	 for	 energy	 storage	 applications,	 including	 novel	
batteries.		In	many	applications,	it	is	necessary	to	control	the	physical	properties,	morphology,	
roughness,	and	density	of	the	metal	film	produced	by	electro-reduction	of	metal	ion.		This	is	




The	 overwhelming	majority	 of	 electrolytic	metal	 processing	 is	 carried	 out	 in	water	 based	
solutions.	 	 However,	 despite	 their	 maturity,	 aqueous	 deposition	 processes	 still	 possess	
significant	 limitations	 such	 as	 low	 current	 efficiency,	 coating	 embrittlement	 and	 dendrite	
formation;	stringent	process	control	is	often	necessary	to	maintain	specification	which	leads	
to	bath	complexity	and	rigorous	maintenance	requirements.	1		In	addition,	strong	inorganic	















current	 density,	 i	 /	 A	 cm-2.	 	 Since	 one	 is	 a	 function	 of	 the	 other	 there	 are	 two	 generic	
methodologies	for	deposition	of	a	metal	film;	these	are	potential	control	and	current	control.				

















kinetically	 controlled	 region	 of	 the	 voltammetric	 reduction	 peak	 to	 a	 final	 value	 in	 the	





Each	 of	 these	 three	 methods	 of	 electrolytic	 growth	 can	 produce	 coatings	 with	 different	
physical	 attributes	 because	 of	 the	 limiting	 conditions	 under	 which	 growth	 is	maintained.		
Consequently,	 a	 detailed	 understanding	 of	 how	 these	 control	 functions	 influence	 the	





sectors.	16	 	Here	 it	 is	 important	to	be	able	to	control	and	predict	rate	of	deposition	of	the	
metal	as	well	as	to	achieve	target	values	of	surface	roughness	and	coherent,	dense	coatings.		
Monitoring	 thickness,	 surface	 roughness	 and	 density	 during	 electrodeposition	 can	 be	
achieved	 by	 a	 combination	 of	 techniques	 including	 electro-gravimetry	 (Quartz	 Crystal	
Microbalance,	 QCM)	 17,	 holographic	 imaging	 (Digital	 Holographic	 Microscopy,	 DHM)	 18,	
scanning	 electron	 microscopy	 (SEM),	 optical	 profiling	 19	 and	 scanning	 probe	 microscopy	








the	 proximity	 of	 the	 sharp	 probe	 close	 to	 the	 electroactive	 interface,	 or	 touching	 it,	 can	
initiate	nucleation	events	and	thus	perturb	the	measurement.		Furthermore,	none	of	these	
techniques	 is	capable	of	quantifying	the	 internal	composition	of	 the	deposited	film	during	
deposition.	
An	 alternative	 is	 to	 use	 neutron	 reflectivity,	 NR,	 techniques.	 22	 	 This	 approach	 has	many	
similarities	to	optical	ellipsometry	although	the	metal	coatings	here	are	optically	opaque	and	
so	ellipsometry	is	not	appropriate.		Neutron	reflectivity	techniques	are	able	to	provide	not	
only	 thickness	 and	 roughness	 data	 for	 the	 growing	 film	 but	 also	 compositional	 detail	
perpendicular	to	the	plane	of	the	electrode	i.e.	in	the	direction	of	growth.		Development	of	
NR	methods	 to	 study	 “buried”	 interfaces	 under	 electrochemical	 control	 has	 distinguished	
composite	and	bilayer	polymer	films,	23	revealed	permeating	solvent	in	electroactive	polymer	
24	 and	 metal	 hydroxide	 25	 films,	 identified	 permselectivity	 failure	 at	 high	 electrolyte	
concentration,	26	and	revealed	1D	profiling	of	diffusion	and	reaction	within	a	film	of	a	solution	




time	 scales	 of	 1-2	 hours	 per	 acquisition,	 so	 the	 equilibrated	 films	 can	 be	 observed,	 as	 a	
function	of	potential	and/or	charge,	but	not	the	dynamics	of	interconversion.			








combination	 (statistical	 averaging)	 of	 neutron	data,	 post-acquisition,	 over	 a	 flexible,	 user-
defined	time	scale.	 	The	subsequent	time	scale	required	for	a	single	R(Q)	profile	can	be	as	
little	as	tens	of	seconds	 in	principle	 (cf.	1-2	hours	earlier),	however,	 the	cost	of	 increasing	
temporal	resolution	is	increased	signal:noise	(in	R	and	Q).		A	crucial	advantage	of	the	event	
mode	 experiment	 is	 that	 it	offers	 the	 capability	 to	process	all	 the	acquired	data	after	 the	
experiment	(without	introducing	dead	time	during	data	acquisition).		This	provides	flexibility	
in	achieving	the	desired	balance	of	temporal	resolution	and	noise	and	removes	ambiguities	





neutron	 scattering	 events	 during	 electrochemical	 growth	 has	 enabled	 time-resolved	
measurement	of	the	neutron	reflectivity	profiles	of	the	growing	metal	films.			
In	 this	 study,	 we	 apply	 these	 developments	 in	 electrochemical	 NR	 measurements	 to	
investigate	silver	and	copper	metal	growth	 in	a	deep	eutectic	solvent	medium	using	three	
different	 electrochemical	 control	 functions:	 potentiostatic,	 galvanostatic	 and	
potentiodynamic.		Specifically,	our	objectives	have	been	to	use	these	methods	to	determine	
the	 thickness,	 roughness	 and	 compositional	 uniformity	 (porosity,	 solvent	 content)	 of	 the	
growing	 metal	 film,	 to	 make	 quantitative	 comparisons	 between	 the	 two	 metals	 and	 to	
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determine	the	effect	on	these	parameters	of	the	electrochemical	growth	control	regime.		The	








































acquisition	 times	 accurately	 match	 the	 electrochemical	 experiment	 times.	 	 All	






























(functioning	 as	 a	 script	 within	 Matlab.)	 Both	 types	 of	 software	 involve	 iterative	 fitting	











inexpensive	 and	 easy	 to	 prepare.	 3	 	 Each	 of	 these	 metal	 ions	 exhibits	 a	 well-behaved	
chemically	reversible	redox	reaction	resulting	in	metal	deposition	and	stripping.		The	cyclic	







ions	 in	 DES.	 5,	 37	 	 Electrodeposition	 of	 either	metal	 by	 sustained	 reduction	 results	 in	 the	
formation	of	a	coherent	metal	 film	that	 is	optically	 smooth	and	bright.	 	However,	as	with	


























used	 successfully	 in	previous	 studies.	 27,	 28,	 32,	 33	 	 The	 incident	neutron	beam	was	directed	
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through	 the	 quartz,	 to	 illuminate	 the	 quartz/Au	 interface,	 i.e.	 the	 “dry”	 side	 of	 the	
electrode/electrolyte	 interface,	 Figure	 2	 (insert).	 	 The	 characteristic	 neutron	 reflectivity	
profiles	are	a	consequence	of	subsequent	interference	interactions	of	the	reflected	beam	at	

















































to	 extract	 useful	 data	 regarding	 film	 thickness,	 roughness	 and	 composition,	 data-fitting	
methods	must	be	employed.			







𝑆𝐿𝐷 = 𝑁2𝑏22 = 𝑁45.𝜌𝑟. 𝑎.𝑚. 𝑛2𝑏22 	
Equation	3	
Here,	ni,	 is	the	stoichiometry	of	the	element	(isotope),	 i,	 in	a	material	with	relative	atomic	
mass,	r.a.m.,	and	density,	r,	within	the	medium.		NAv	is	Avogadro’s	number.		For	a	single,	bulk	






(here	 quartz	 and	 solvent	 media),	 the	 solid/solid,	 solid/liquid	 interfaces	 listed	 above	 and	
estimated	layer	thickness/roughnesses.		The	fitting	algorithm	then	minimises	the	difference	
between	 the	measured	R(Q)	profile	and	a	 corresponding	R(Q)	profile	 calculated	using	 the	
parameters	defined	in	the	model.		Importantly	here,	the	output	of	the	fitting	algorithm	is	a	
profile	of	the	scattering	length	density,	SLD,	as	a	function	of	distance,	z,	perpendicular	to	the	







2.	 	 Moving	 outwards,	 increasing	 value	 of	 z,	 the	 scattering	 length	 density	 drops	 in	 value	
corresponding	to	the	presence	of	the	MPTS	layer	between	the	quartz	and	the	gold.		The	value	
of	 SLD	 for	 bulk	MPTS	 is	 0.27	 x10-6	 Å-2.	 	 At	 values	 of	 z	 in	 the	 range	 20	 <	 z	 <	 40	 nm	 the	





























plots,	Figure	4a,	b	and	c.	 	The	fitted	SLD(z,	 t)	are	presented	as	discrete	slices	 for	clarity	 in	
Figure	4d,	e	and	f.		Reflectivity	fringes	can	be	seen	clearly	in	all	the	NR	data	and	along	with	
time	and	potential	dependent	trends.		In	the	PS	and	GS	data,	Figure	4a	and	Figure	4c,	it	can	
be	 seen	 that	 the	 fringe	 period	 decreases	 with	 increasing	 time,	 indicating	 the	 increase	 in	
thickness	of	the	Cu	layer.		The	corresponding	fitted	SLD(z,	t)	profiles,	Figure	4d	and	Figure	4f,	













contracts	 (layer	 thickness	 increases;	 see	 above	 for	 comment	 on	 reciprocal	 space)	 as	 the	
















and	 the	 bulk	 density	 of	 the	metal.	 	 The	 growth	 charge	 (repeated	 from	 Table	 1)	 and	 the	








scales	 of	 these	 experiments.	 	 The	 long	 time	 scales	 will	 exacerbate	 the	 contributions	 of	



























The	Faradaic	 current	efficiency	data	were	calculated,	as	 for	Cu	 (above),	 and	are	 shown	 in	















nucleation;	 this	 is	 most	 marked	 for	 GS	 control.	 	 At	 longer	 times,	 the	 three	 z(t)	 profiles	
converge	 and	 the	 only	 difference	 between	 the	 experiments	 is	 how	 far	 the	 experiments	
traverse	this	curve.		For	Ag	growth,	Figure	7a,	the	trends	are	slightly	different.		Here,	at	times	
t	>	3000	s,	the	growth	rates	of	the	films	in	all	three	experiments	was	very	similar,	however,	in	










region	 with	 reduced	 SLD	 most	 likely	 due	 to	 discontinuous	 film	 growth	 comprising	 Cu	
nucleation	sites	and	bare	Au	substrate	exposed	to	solvent.		At	later	times	the	roughness	for	
each	of	the	three	coatings	remains	quite	stable	with	time.		This	suggests	that	the	morphology	












media	 have	 shown	 that	 nucleation	 mechanism	 is	 sensitive	 to	 deposition	 conditions,	
electrolyte	 formulation	 and	metal	 speciation.	 18,	 37,	 38	 	 Since	 the	 neutron	 interactions	 are	
averaged	over	the	illumination	area	(foot-print)	of	the	beam,	then	the	observed	composition	



























Metrology:	 Thickness	 and	 roughness	 parameters	were	measured	 independently	 at	 the	
end	 of	 selected	 experiments	 using	 ex-situ	 atomic	 force	 microscopy	 (AFM).	 ‡	 	 For	 these	
measurements,	the	cell	was	dismantled	and	the	electrode	substrate	washed	with	water	and	
dried	with	 ethanol	 and	 acetone.	 	 The	 thickness	 and	 roughness	were	determined	 at	 three	
locations	spanning	the	edge	and	middle	of	the	film	and	the	average	was	then	reported.		The	
AFM	images	of	representative	Cu	and	Ag	surfaces	deposited	under	PS	control	are	shown	in	
Figure	 8.	 	 The	 values	 for	 thickness	 and	 roughness	 are	 also	 presented	 in	 Table	 1,	 for	
comparison,	alongside	the	values	determined	from	data	fitting	of	the	R(Q)	NR	profiles.		In	the	
case	 of	 Ag	 deposition	 under	 PS	 control,	 the	 ex-situ	 AFM	measurements	 are	 in	 very	 good	
agreement	with	the	values	obtained	by	fitting	of	the	NR	data.		In	the	case	of	Cu,	the	values	
obtained	for	both	thickness	and	roughness	from	ex	situ	AFM	are	significantly	larger	than	those	












substrate	(i.e.	 the	scratch	may	have	penetrated	to	the	quartz).	 	Additionally,	 the	action	of	
scratching	the	coating	can	also	cause	delamination	and	peeling	of	the	film	that	is	very	difficult	
to	 see	 in	 the	 image.	 	 Peeling	 at	 the	 measurement	 edge	 of	 the	 film	 would	 result	 in	
unpredictable	over-estimation	of	film	thickness.	




methods	 use	 the	 same	 numerical	 processing	 algorithms	 and	 iterative	 minimisation	

























The	 first	 significant	 outcome	 of	 these	 data	 is	 that	 the	 different	 electrochemical	 growth	
methodologies,	PS,	PD	and	GS,	exhibit	 subtly	different	 trends	 in	 thickness,	 roughness	and	
solvation.		Both	metals	exhibit	non-linear	growth	as	a	function	of	time	such	that	growth	rate	
slows	at	longer	times.	The	electrochemical	current	data	(in	the	form	of	linear	i(t-1/2)	plots)	are	











Third,	 solvent	 incorporation	 in	 both	metal	 films	 in	 this	 DES	medium	 (Ethaline	 200)	 varies	
measurably	with	control	function.		This	is	a	significant	insight	in	situations	where	the	metals	
could	 be	 used	 in	 an	 environment	where	 corrosion	 protection	 is	 required,	 or	where	 pure,	
dense	and	uniform	coatings	are	 specified.	 	 The	extent	of	 solvent	 incorporation	 is	 strongly	
correlated	with	surface	roughness	in	the	early	phases	of	growth.		Potentiostatic	deposition	of	
Ag	and	potentiodynamic	deposition	of	Cu	gave	metal	deposits	with	low	solvent	content.	
Fourth,	 film	roughness	effects	differ	 for	silver	and	copper.	 	Silver	 films	show	an	 increasing	
roughness	trend	with	time	but	these	trends	are	largely	independent	of	growth	method.		In	
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contrast,	 the	 roughness	 of	 copper	 films,	 grown	 under	 similar	 conditions,	 show	 a	 strong	






to	 fitting	 and	 interpretation	 of	 the	 large	 number	 of	 data	 sets	 generated	 by	 event	 mode	
capture.	 	 The	NR	R(Q,t)	 data	were	 fitted	using	both	parallel	 (RasCal)	 and	 serial	 (MotoFit)	
methodologies	utilising	a	variation	of	initial	starting	conditions	and	models.		Gratifyingly,	the	
different	methodologies	and	starting	conditions	yield	a	very	consistent	picture	of	metal	film	
growth	 in	 that	 the	 outcomes	 from	 all	 data	 fitting	 are	 qualitatively	 indistinguishable	 and	
quantitatively	within	experimental	error.	
In	 the	 modelling	 and	 fitting	 of	 the	 NR	 data	 we	 have	 considered	 the	 consequences	 of	
intermetallic	 diffusion	 and	 mixing	 at	 the	 interfaces,	 however,	 separate	 galvanostaic	
experiments	on	the	stripping	of	both	Ag	and	Cu	layers	from	gold	substrates	using	the	so-called	





suited	 to	 measuring	 of	 inter-diffusion	 and	 solid-state	 mixing	 between	 adjacent	
electrochemically	deposited	 layers.	 	 The	 rate	and	extent	of	 such	processes	determine	 the	




































PS	 113	 25.6	±	0.3	 4.7	±	0.2	 8.3	±	1	 77±4	 15.9	
PD	 136	 36.9	±	0.5	 6.6	±	0.2	 5.3	±	1	 --	 -	
GS	 63	 19.4	±	2.2	 7.1	±	0.7	 0.0	±	2	 --	 	
Ag	
PS	 68	 59.1	±	0.3	 10.7	±	0.5	 0.0	±	1	 66	±2	 7.7	
PD	 56	 36.1	±	0.1	 13.0	±	0.1	 3.3	±	1	 -	 -	






















































shows	 an	 expanded	 view	 of	 the	 solid/solid	 and	 solid/liquid	 interfaces	 and	
associated	 neutron	 beam	paths	 that	 generate	 the	 observed	 neutron	 reflectivity	
interference	fringes.		The	cell	volume	was	25	cm3.	
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(a)	
	
(b)	
Figure	3	 Sample	NR	data,	(a)	Reflectivity,	R(Q),	plots	for	the	growth	(under	PD	control,	by	
scanning	from	0	V	to	-0.8	V,	v	=		0.02	mV	s-1)	of	a	copper	thin	film;	(b)	corresponding	
scattering	length	density	profile,	SLD(z),	for	the	data	(part	(a))	fitted	to	a	thin	film	
model.	The	black	trace	shows	the	substrate	before	deposition,	t	=	0	s,	the	red	trace	
corresponds	to	deposition	at	t	=	28.5	x103	s	and	the	green	trace	is	close	to	the	end	
of	the	experiment	at	t	=	39.5	x103	s.	
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	 (a)	 (d)	
	 	
	 (b)	 (e)	
	 	
	 (c)	 (f)	
Figure	4	 Dynamic	NR	profiles	of	Cu	growth	as	functions	of	Q	and	time	for	potentiostatic	(a),	
potentiodynamic	(b)	and	galvanostatic	(c)	deposition;	and	the	NR	models	for	the	
dynamic	Cu	growth	as	functions	of	thickness	and	time	for	potentiostatic	(d),	
potentiodynamic	(e)	and	galvanostatic	(f)	deposition.		Inset	legends	show	colour	
scheme	for	reflectivity	on	a	log	scale.	
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	 (a)	 (d)	
	 	
	 (b)	 (e)	
	 	
	 (c)	 (f)	
Figure	5	 Dynamic	NR	profiles	of	Ag	growth	as	functions	of	Q	and	time	for	potentiostatic	(a),	
potentiodynamic	(b)	and	galvanostatic	(c)	deposition;	and	the	NR	models	for	the	
dynamic	Ag	growth	as	functions	of	thickness	and	time	for	potentiostatic	(d),	
potentiodynamic	(e)	and	galvanostatic	(f)	deposition.	Inset	legends	show	colour	
scheme	for	reflectivity	on	a	log	scale.	
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(a)	
	
(b)	
	
(c)	
Figure	6	 Time	resolved	thickness	(a),	roughness	(b)	and	solvation	(c)	plots	for	Cu.		
Obtained	from	the	fitted	(RasCal)	data	presented	in	Figure	4.	
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(a)	
	
(b)	
	
(c)	
Figure	7	 Time	resolved	thickness	(a),	roughness	(b)	and	solvation	(c)	plots	for	Ag.		
Obtained	from	the	fitted	(RasCal)	data	presented	in	Figure	5.	
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(a)	 (c)	
Figure	8	 Representative	AFM	images	for	Cu	&	Ag	grown	under	PS	control;		(a)	3D	projection	
for	Cu	film,	and	b)	3D	projection	for	Ag	film.	
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Figure	9	 Thickness	data	vs	time,	z(t),	for	PS	Ag	growth	(Figure	5)	fitted	by	three	authors	
here	using	MotoFit	and	RasCal	software	packages	(E.J.R.P.	RasCal,	E.L.S.	
RasCal,	R.S.	MotoFit).	
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